Abstract We validate and improve 1D velocity models of the two main crustal provinces in the northeastern United States (NEUS), using seismograms from the 20 April 2002 M 5 Au Sable Forks earthquake, which is the largest earthquake in the region to be recorded by multiple, recently deployed, good-quality, regional broadband stations. To predict and mitigate the effects of future earthquakes in the northeastern United States, more information is needed regarding both the local earthquake sources and how seismic waves travel through the region. We investigate the source and regional wave propagation for the Au Sable Forks earthquake. The earthquake epicenter is located near the boundary of two distinct geological provinces, the Appalachian (New England) and Grenville (New York). We use a forward-modeling approach to study the waveforms recorded at 16 stations located within 400 km of the epicenter. We generate synthetic seismograms using the frequency-wavenumber method, testing several published models for the two provinces. Several models perform well at low frequencies (< 0:1 Hz). We refine these models and generate two alternative 1D crustal models for intermediate frequencies (< 1 Hz) of engineering interest. Our new Grenville model performs better than previously published models for all six source-station paths modeled in that province according to goodness of fit statistics: variance reduction and correlation coefficient. Our alternative Appalachian model improves the fit of synthetics to data for five of the ten paths modeled in that province. From the results, we identify two specific sources of wave-field complexities that should be investigated in future studies of earthquake ground motions in NEUS: 3% azimuthal anisotropy in the Appalachian Province and complex wave paths along the boundary between the two provinces.
Introduction
To predict and mitigate the effects of future earthquakes in the northeastern United States (NEUS), we need to know more about both the local earthquake sources and how seismic waves travel through the region. Seismic hazard in NEUS is primarily evaluated using the United States National Seismic Hazard Maps based on probabilistic seismic hazard analysis (PSHA) developed by the United States Geologic Survey (USGS). The PSHA relies on background seismicity and Gutenberg-Richter recurrence models to determine the recurrence of earthquakes (Frankel et al., 1996 (Frankel et al., , 2002 Peterson et al., 2008) and a series of ground motion relations (e.g., Frankel et al., 1996; Toro et al., 1997; Somerville et al., 2001; Silva et al., 2002; Campbell, 2003; Tavakoli and Pezeshk, 2005; Atkinson and Boore, 2006 ) to determine the ground shaking level for a given earthquake-site pairing. Four of the ground motion relations (Frankel et al., 1996; Toro et al., 1997; Silva et al., 2002; Atkinson and Boore, 2006) rely primarily on stochastic simulations for developing ground motions with stress drop, focal depth, crustal velocity structure, near-site attenuation, and crustal anelastic attenuation as parameters. Two of the ground motion relations (Campbell, 2003; Tavakoli and Pezeshk, 2005) are hybrid empirical models that use western United States data, transformed to imitate central and eastern United States characteristics. The final model ) uses full waveform simulations and accounts for finite fault rupture for large earthquakes. The aleatory and epistemic uncertainty in the PSHA for NEUS is significant and can greatly influence the earthquake ground motions used in design (Hines et al., 2010) . In the next five years, new ground motion prediction equations will be developed as part of the Next Generation Attenuation-East Project (NGAEast) with the intention of reducing uncertainty in ground motion prediction in the central and eastern United States (CEUS). As discussed in every paper on earthquake hazard in the CEUS, as well as the NEUS, ground motion and source models for the regions are limited by the few existing ground-motion recordings. Each earthquake that occurs in the region provides an opportunity for validating and improving models. We use the 2002 Au Sable Forks event to test and improve regional crustal models for NEUS. Although only one of the seven ground motion prediction equations used in the 2008 National Seismic Hazard Maps relies on full waveform simulations, a better understanding of regional sources and wave propagation will be useful to NGA-East researchers, as well as in future efforts to characterize seismic hazard in the NEUS. Unlike the west coast of the United States, where numerous studies on regional wave propagation have been completed (e.g., Dreger and Helmberger, 1990; Wald and Graves, 1998; Stidham et al., 1999; Olsen, 2000; Pitarka et al., 2004; Kim et al., 2010) , investigation of regional wave propagation in NEUS (e.g., Somerville, 1989; Hughes and Luetgert, 1991; Zhao and Helmberger, 1991; Saikia, 1994) is limited due to the lack of large earthquakes and good station coverage. The Au Sable Forks earthquake (M L 5.3, M 5.0, 20 April 2002) is the largest earthquake to occur in the NEUS since the installation of broadband networks in the region; and, as a result, it provides the first opportunity to investigate wave propagation to multiple broadband stations and to test regional models. The M 5.9 Saguenay (Quebec) earthquake (25 November 1988) was the last moderate earthquake to have occurred in the region. It was recorded at one broadband station (HRV) and at several short-period stations from the Eastern Canadian Telemetered Network (ECTN) within 625 km and has had a significant influence on subsequent regional ground motion studies (Atkinson and Boore, 1995, 1998; Toro et al., 1997) . The good-quality ground motions recorded during the Au Sable Forks earthquake at more than 50 modern broadband stations (16 within 400 km) provide a unique opportunity to investigate the source process, regional wave propagation, and ground motions of a moderate earthquake in the region. Atkinson and Sonley (2003) studied the ground motions recorded by the Au Sable Forks earthquake using a variety of spectral methods. They found that the earthquake ground motions are consistent with the prediction of several ground motion relations for eastern North America (ENA) (Atkinson and Boore, 1995; Toro et al., 1997; Somerville et al., 2001; and Campbell, 2003) .
The Au Sable Forks earthquake was located near the Champlain Thrust that divides the Appalachian and the Grenville Provinces (see Fig. 1 ). The Proterozoic crust of the Grenville Province has higher seismic velocities than the Paleozoic accreted terranes of the Appalachian Province (e.g., Taylor et al., 1980; Hughes and Luetgert, 1991; Musacchio et al., 1997) . Because the Au Sable Forks earthquake epicenter is located near the boundary of the two provinces, we can use independent crustal models for each province. The Appalachian Province is to the east of the epicenter and underlies New England, whereas the Grenville Province underlies New York State, west of the epicenter. By validating more regionally specific crustal models, we can potentially provide guidance for future seismic hazard studies in NEUS and specifically help provide more information on seismic wave propagation in NEUS. We investigate the regional wave propagation from the Au Sable Forks earthquake in both the Appalachian and Grenville Provinces. A few 1D velocity models exist in the literature for the two provinces (regional crustal models adopted by the Lamont-Doherty Cooperative Seismographic Network (LCSN); Somerville, 1989; Hughes and Luetgert, 1991; Zhao and Helmberger, 1991; Saikia, 1994; Helmberger et al., 1992; . The first goal of this research is to test existing 1D velocity models by generating synthetic seismograms and comparing them to the Au Sable Forks recorded ground motions and validate these models based on their performance in terms of goodness of fit. The second goal is to improve the best-fitting existing model for each geological province by iteratively altering the crustal model to better match the observed Au Sable Forks ground motions. Accurate 1D models are fundamental for seismic hazard studies through their role in source inversions, ground motion prediction equations, and for subsequent 2D and 3D regional wave propagation studies. We use the frequency-wavenumber method for wave propagation and compare synthetic and recorded waveforms using two goodness of fit measures: variance reduction and correlation coefficient. Variance reduction provides an estimate of amplitude fit but can be misleading when a time lag exists; therefore, the correlation coefficient is used to evaluate shape and identify time lags. We analyze the records up to frequencies of 1 Hz to address frequencies of engineering interest, using the forward-modeling approach of Dreger and Helmberger (1990) . Following this method, we evaluate the sensitivity of the synthetic wave field to perturbations of the crustal-layer thicknesses and velocities, identify which crustal reflectors are responsible for which waveform features, and improve the regional model. In addition to the published 1D velocity models, numerous seismic reflection and wideangle refraction analyses of the region provide additional information on crustal structure and velocities Luetgert, 1991 and Hughes et al., 1993; Musacchio et al., 1997) . Because we know that the 1D velocity models do not capture the actual crustal structure, the third goal is to identify observed misfits in the data not captured by the regional 1D velocity models and to try to understand where the 1D approximation is not appropriate and where crustal heterogeneity and complexity affects waveforms in NEUS. We begin by describing the regional geology, the existing published 1D velocity models used in this study, and the Au Sable Forks earthquake. Next, we describe the procedure to generate the synthetic seismograms, including the determination of the earthquake source parameters, and test the existing models. Finally, we perform a sensitivity study on existing crustal models and then incrementally adjust crustal models to produce synthetics for comparison to the observed ground motions of the Au Sable Forks earthquake. Through this effort, we provide recommendations on appropriate 1D models for the Appalachian and Grenville Provinces in the NEUS and identify possible crustal complexities and azimuthal anisotropy that merit further study.
Geological Setting
The NEUS is characterized by two distinct lithologies: the Precambrian Grenville Province on the west, and the Paleozoic Appalachian Province on the east, that overthrusts the Grenvillian basement . The boundary between the two regions, the Taconic suture, is visible at the surface from the Labrador Sea to Alabama and strikes approximately north-northeast-south-southwest (Wheeler, 1995) . In New England, the boundary is expressed as the Grenvillian Ramp, a 20 km deep, east-dipping fault (Musacchio et al., 1997) which surfaces as the Champlain Thrust. The surface boundary line between the two provinces is shown in Figure 1 . Differences in crustal compositions of the two provinces reflect different formation processes and ages. The Grenville orogeny (1.3 Ga to 1.0 Ga ago) produced metamorphic and igneous rocks (Musacchio et al., 1997) associated with the collision of Laurentia (eastern North America) with Amazonia (western South America) and the subsequent formation of the supercontinent Rodinia (Levin, 2006) . Grenvillian rocks are mostly granulites-grade metasediments intruded by anorthosites (Hughes and Luetgert, 1992) . The epicentral region is located on the east side of the Central Granulite Terrane (Adirondack massif), close to a large anorthosite intrusion, to the west of the Champlain Thrust. The formation of the Iapetus Ocean (proto-Atlantic) during the Late Proterozoic was a phase of extension in between the two orogenic episodes. The complex Appalachian orogeny (500 Ma to 230 Ma ago), started during the closing of the Iapetus Ocean and involved the accretion of two island arc terranes to the cratonic continent (Taconic and Acadian orogenies) and a posterior continental collision (Alleghanian orogeny) (Detweiler and Mooney, 2003) . The younger Appalachian rocks are mostly metasediments and metavolcanic rocks intruded by granitic elements, formed during the mountain-building episodes (Hughes and Luetgert, 1991) .
Both heat flow and earthquake depths indicate that the crust is thicker in the Grenville Province (Eaton et al., 2006) . Heat-flow studies indicate that there is a sharp increase of about 15 mW=m 2 when crossing from the Grenville Province to the Appalachian Province (e.g., Mareschal and Jaupart, 2004) , and seismicity studies indicate that earthquakes occur at greater depths in the Grenville Province (e.g., Du et al., 2003; Ma and Atkinson, 2006) .
Attenuation of seismic waves varies with tectonic setting and is lowest for stable continental regions such as the cratonic eastern North America (Frankel et al., 1990) . Within the NEUS, regional attenuation studies (Shi et al., 1996) show that the Grenville Province has a higher crustal average quality factor Q than the Appalachian Province. The differences in attenuation also correlate well with the differences in crustal temperature, as waves are more attenuated when propagating through warmer media. In addition, studies of the regional crustal structure indicate that there is a difference in the propagation velocity of seismic waves between the two regions, which encompass the upper midcrust and lower crust, down to the Moho (e.g., Taylor et al., 1980; Luetgert, 1991,1992; Helmberger et al., 1992; Hughes et al., 1993; Musacchio et al., 1997) . The higher velocities in the Grenville Province are attributed to compositional differences between the two provinces (e.g., Hughes et al., 1993; Musacchio et al., 1997) . In summary, Grenvillian crust is cooler and thicker, and seismic waves propagate faster with less attenuation than in the Appalachian crust.
The NEUS is characterized by low seismic activity, a typical feature of stable continental regions. Seismicity in the NEUS is approximately 10-20 times lower than in active plate boundary regions, such as the southwestern United States. The seismicity distribution in ENA is variable, with very active regions (Charlevoix, Quebec), moderately active regions (Appalachians and St. Lawrence River valley), and almost aseismic regions (Canadian prairies) (Atkinson, 1989) . The maximum compressive stress is fairly constant throughout the region. It is near-horizontal and trends to the east-northeast on average (Du et al., 2003) . The Au Sable Forks earthquake occurred in a moderately active region, within the Grenville Province and near the boundary with the Appalachian Province. The focal mechanism of the Au Sable Forks earthquake (Fig. 1) is consistent with the general trend of faulting in the region.
Previous Regional Models
Because the low seismic activity of the region and the lack of large earthquakes, models of NEUS crustal structure rely on data from seismic surveys carried out since the 1950s for defining crustal properties (Eaton et al., 2006) . In 1988, a large refraction/wide-angle reflection survey that crossed the Appalachian and Grenville Provinces was performed. This Ontario-New York-New England Seismic Refraction Profile provided data for several studies: Hughes and Luetgert (1991) used a two-dimensional inversion technique to determine a seismic P-wave velocity model for the Grenville and Appalachian Provinces, and Hughes et al. (1993) further constrained the velocity models with seismic properties from sample rocks collected in the region and measured in the lab; Zhu and Ebel (1994) used a tomographic inversion technique to determine the velocity structures of Northern New England; and Musacchio et al. (1997) used the P wave to S wave velocity ratio to determine the crustal composition of the two provinces. These studies all showed a lateral velocity and Moho depth gradient, with higher velocities and greater Moho depths in the Grenville Province and slower velocities and shallower Moho depths in the Appalachian Province.
Ground motions from regional moderate earthquakes have also been used for crustal studies; however, previous studies relied on sparse seismic networks and limited data. Somerville (1989) derived a 1D velocity model for the northern Appalachian Province using aftershocks of the 1982 M 5.6 New Brunswick earthquake. Zhao and Helmberger (1991) used the recording at station HRV of the 1988 M 5.9 Saguenay earthquake paired with broadband forward modeling to develop a 1D model of this path. Helmberger et al. (1992) used long period records of three NEUS moderatesized earthquakes and the one broadband record of the Saguenay earthquake to understand differences in crustal velocities on either side of the Appalachian thrust belt, by comparing simple one-layer crustal models with the Zhao and Helmberger (1991) 1D velocity model for the Appalachian Province. Saikia (1994) refined the Appalachian 1D velocity model of Zhao and Helmberger (1991) , by forward modeling broadband waveforms of the Saguenay earthquake recorded at station HRV and at eight short-period stations from the ECTN. Somerville et al. (2001) used a simple crustal model based on the midcontinent crustal structure to define a prediction equation for the central and eastern United States. . This intraplate earthquake had a thrust mechanism with no surface rupture. It damaged roads, bridges, chimneys, and water lines and was felt as far as Maine, Ohio, Michigan, Ontario, and Maryland (USGS, 2002) . It is the largest earthquake to be recorded by the six regional broadband networks installed within the last decade and the best recorded event in the NEUS. It was recorded at more than 50 stations, at distances between 70 km and 2000 km. Figure 1 shows the available broadband locations as well as the boundary between the Appalachian and Grenville Provinces. We limit our analysis to epicentral distances smaller than 400 km (significant for seismic hazard assessment), where the waveforms are simpler and have good signal to noise ratios. We analyze data recorded at 16 stations from four broadband networks: three stations (GAC, MNT, and KGNO) from the Canadian National Seismograph Network (CNSN); three stations (BINY, LBNH, and HRV) from the United States National Seismograph Network (USNSN); three stations (NCB, ACCN, and CONY; seismograms at station LSCT were cut) from the Lamont-Doherty Cooperative Seismographic Network (LCSN); and seven stations (BCX, BRY, HNH, QUA2, WES, WVL, and YLE; seismograms at stations VT1 and FFD were clipped) from the New England Seismic Network (NESN). We integrate the velocity records to displacement, remove the instrument response, and high pass-band-filter above 0.01 Hz.
The Au Sable Forks earthquake had nine aftershocks with local magnitudes between 3.7 and 2.2, large enough to be recorded by the broadband networks. All broadband data are available through the Internet except the NESN data, which are available upon request from the Weston Observatory in Weston, Massachusetts. The Global Seismic Network/ Incorporated Research Institutions for Seismology (IRIS), USNSN, LCSN, and CNSN broadband stations use a sampling rate of 40 samples=s, and the NESN stations use a sampling rate of 100 samples=s.
Regional Wave Propagation
We investigate wave propagation by forward modeling the broadband records of the earthquake. We generate synthetic seismograms and try to match the observed seismograms with absolute timing and amplitude. To generate synthetic seismograms, we require medium and source information. Source information consists of fault mechanism, earthquake depth, seismic moment, and source time function. We use the empirical Green's function method (EGF; e.g., Hartzell, 1978; Abercrombie and Rice, 2005) to place constraints on the source time function. To obtain the medium information, which is a combination of wave propagation and a crustal-velocity model, we use a frequencywavenumber code (e.g., Saikia, 1994 ) that computes Green's functions for a layered 1D crustal structure. We model the Appalachian and Grenville Province records using 1D velocity crustal models characteristic of each province, as discussed earlier. Given the fault mechanism and the earthquake depth, it generates preliminary synthetic seismograms. We obtain the final synthetics by convolving the preliminary synthetics with the source time function.
Source Model
To model the earthquake wave propagation from source to site, we need a source model to account for the orientation and finiteness of the earthquake source. We adopt the earthquake source parameters (seismic moment 4:47× 10 16 N m and depth 11 km) estimated by Seeber et al. (2002) with a moment-tensor inversion with regional broadband recordings of the Au Sable Forks earthquake. Seeber et al. (2002) found a small westward bias in the earthquake epicenter locations estimated from the regional records when compared with the epicentral locations estimated from records of a temporary local network deployed two days after the mainshock. They attribute the location bias to the velocity differences between the two provinces, which is not accounted for by the location procedure that used a single crustal-velocity model. To obtain more precise locations, Kim et al. (2002) relocated the mainshock and early aftershocks using a master event technique. We adopt the epicenter location (44.509°N, 73.675°W) and event origin time (10:50:47.1, UTC) estimated by Kim et al. (2002) . The earthquake source depth of 11 km was confirmed with the relocation procedure and is consistent with the aftershock hypocenter distribution and with the regional seismicity depth (Ma and Atkinson, 2006) . Seeber et al. (2002) determined a thrust-fault mechanism, but the fault plane was not clearly illuminated by the aftershock distribution. The relocation procedure confirmed the complex conjugate structure of the earthquake sequence. Kim et al. (2002) and Kim and Abercrombie (2006) prefer the nodal plane solution 1 (strike 188°, rake 96°, and dip 47°) of Seeber et al. (2002) , which we adopt to generate the synthetic ground motions. Although the moment-tensor inversion method is applied to low-frequency data (0.03-0.1 Hz) and uses a simple three-layer 1D velocity model, the estimated source parameters (depth, strike, rake, etc) are fairly insensitive and within the uncertainties (10%) of reasonable variations in the velocity model (Sipkin 1982; Dreger and Helmberger, 1993) . Figure 1 shows the mainshock location and focal mechanism relative to the available broadband stations. Seeber et al. (2002) estimated a source time function with 0.8 s duration. This source pulse was, however, calculated from low frequency records used in the moment-tensor inversion (0.03-0.1 Hz). We use the EGF approach (e.g., Hartzell, 1978; Abercrombie and Rice, 2005) to estimate the source time function from records containing higher frequencies (up to 18 Hz). The EGF method uses a smaller (one to two orders of magnitude) colocated earthquake as a transfer function representative of the wave path. A suitable EGF earthquake should have the same focal mechanism as the large earthquake from which it is deconvolved. Colocated earthquakes with the same focal mechanisms will have similar recorded waveforms at the same station. The main difference between the waveforms will be the pulse shapes and widths, which depend on the rupture history and duration of the earthquakes. Nine aftershocks of the Au Sable Forks earthquake (> M2) have sufficient signal above noise for EGF analysis and are located fairly close to the mainshock. Studies using the EGF approach rarely consider the effects of differences in location, focal mechanism, and waveform shape on the results (e.g., Viegas et al., 2010) . Kim et al. (2002) calculated the moment tensor for the largest aftershock (M 3.7) of the sequence and found it to have a thrustfault mechanism, similar to the mainshock but with its P axis rotated by 90°, making it a less suitable EGF earthquake. The remaining eight largest aftershocks of the sequence had waveform shapes similar to the largest aftershock, indicating similar focal mechanisms. We use the largest aftershock of the sequence, where the signal to noise ratio is best, as the EGF earthquake. The waveforms are similar enough for us to obtain source pulses at seven stations with an average duration of 1 s, consistent with that obtained in the momenttensor inversion. This implies that both the amplitude and phase of the frequency spectra are very similar. We obtain single triangular pulses at 60% of the stations and double triangular pulses at the remaining 40%. If the radiation patterns of the two earthquakes were more similar, we could interpret the variation as originating from the source and use it to determine directivity and, potentially, the fault plane. Given the known differences, it is possible that some of the azimuthally varying complexity is an artifact of different amplitudes of reflected and refracted phases between events. Hence we prefer not to trust any complexity or azimuthal variation between the pulses but believe that the average shape provides a useful constraint on the source process. We experiment with both single-pulse and double-pulse shapes in the wave propagation models. We find that the single pulse fits the waveform best, implying that the source time function complexity observed at some stations results from uncertainties in the EGF deconvolution and does not reflect source complexity. In this study, we adopt a single triangular 1 s pulse as the source time function. Because of the limitations on the pulse shape, we cannot resolve source directivity, which would help to identify the focal plane.
We estimate a stress drop of 30 MPa from the source duration, following Eshelby (1957) and Madariaga (1976) , consistent with stress-drop values obtained for the Au Sable Forks earthquake sequence (Viegas et al., 2010) . This high stress-drop value substantiates the idea that intraplate earthquakes have higher stress drops than those at plate boundaries (Kanamori and Anderson, 1975) .
Validation of 1D Crustal-Velocity Models
Using published 1D crustal-velocity models, we investigate wave propagation in the two provinces. We test five Appalachian and four Grenvillian regional crustal models. For the Appalachian Province, we test the regional crustal model adopted by the LCSN network for routine event location in this region , the two crustal models from Saikia (1994) , the Somerville (1989) Saikia (1994) . Figure 2 illustrates the 1D velocity profile of these models for both P and S waves. The LCSN and Somerville et al. (2001) models consist of a two-layered and three-layered crust, respectively. The main differences between these two models are the existence of a thin lowvelocity upper layer and a deeper Moho in the Somerville et al. (2001) model. Both the Saikia (1994) and Somerville (1989) models consist of several layers. The main differences between the three models may be described by: an uppercrust gradient (model 1, Saikia, 1994) ; alternating thin highvelocity and low-velocity layers (model 2, Saikia, 1994) ; and a deep Moho layer at 45 km depth (Somerville, 1989) .
For the Grenville Province, we test the regional crustal model adopted by the LCSN network for routine event location in this region (Du et al., 2003) , the Hughes and Luetgert (1991) Saikia (1994) for the Appalachian Province and slightly decrease the attenuation for the Grenville Province, which is older and cooler (Shi et al., 1996) . We create a 1D model from the Hughes and Luetgert (1991) cross-sectional figure, with indications of P-wave velocities only. We built a 1D velocity profile with average depths based on the cross section. We constructed the S-wave profile using an average P-wave to S-wave velocity ratio (V P =V S ) of 1.80, which is consistent with the Musacchio et al. (1997) study of the crustal composition in the Grenville Province and with the Eaton et al. (2006) study of V P =V S variations in the Grenville orogen. We also use V P =V S 1:8 to estimate S-wave velocities for the LCSN model for the Grenville Province. All Grenville models vary between one (Helmberger et al., 1992) , two (LCSN), and three (Hughes and Luetgert, 1991; Somerville et al., 2001) layers. The main differences between the four models can be described by: various upperlayer thickness and velocity configurations; two possible Moho-layer depths of 35 km or 40 km; and a wide variability of the P-wave velocities.
Between the two provinces, Grenville models show consistently higher crustal velocities, particularly at the shallower layers. The depth of the Moho layer shows the same range of variability within each province, without a visible trend. In the particular case of the LCSN models for the two provinces, the surface layer is the main feature that distinguishes them, being thicker and slower for the Appalachian model.
Models of the Appalachian Province use an average V P =V S 1:73, while Grenville models use an average V P =V S 1:80. The different ratios reveal an assumed difference in the crustal composition of the two provinces. When comparing the velocity profiles of both regions, we observe that the higher ratio is a result of a higher P-wave velocity, whereas the S-wave velocities are approximately the same in the two provinces. This indicates that the differences in the V P =V S ratio come from compositional differences, which increase V P (Musacchio et al., 1997) , and not from a higher water content in the Grenville Province, which would lower V S . A Grenvillian crust with a more mafic (gabbroic) composition than the Appalachian crust, which has an intermediate to basic composition, seems to be the likely basis for differences in V P =V S ratios (Musacchio et al., 1997) . The more mafic composition of the Grenville Province is consistent with the composition of an eroded old orogeny (Eaton et al., 2006) .
We generate synthetics for each of the 16 earthquakestation paths using the described models and analyze how well they fit the data quantitatively (using two goodness of fit statistics) and qualitatively. We then select one model for each province that performs the best at the most stations, thereby validating the 1D model across several paths. All waveforms are band-pass-filtered between 0.03 Hz and 1 Hz unless otherwise specified.
We use quantitative misfit measurements of both variance and cross correlation to evaluate model-generated synthetics relative to the observed seismograms. We use the percentage variance reduction (VR) VR 1 Σsynthetics data 2 =Σdata 2 × 100 (e.g., Chi et al., 2001 ) over a time window that contains the whole waveform. The VR is a suitable misfit measurement because it accounts for both amplitude and waveform similarity. AVR of 100% indicates a perfect agreement between data and synthetics (Baig et al., 2003) . When there is a time lag between data and synthetics, large enough to juxtapose a trough with a crest, negative VR values are obtained. To assess waveform shape and allow for time shifts that may result from bias in the velocity structure, we also cross correlate the recorded with the synthetic seismograms. We consider the maximum correlation coefficient and corresponding time lag over the same time series used to calculate the VR. The cross-correlation results proved particularly useful to identify the observed crustal anisotropy (see the Anisotropy section).
The quantitative measurements are most sensitive to misfits in the large amplitude features of the waveforms (surface waves), so we also qualitatively assess the waveforms (1) to ensure good fit to the arrival times, phase polarities, and amplitudes of the smaller amplitude body waves and (2) in terms of how well the synthetics match the most representative seismic phases and amplitudes, which characterize the overall shape of the observed seismogram.
When comparing the synthetics to data for all 10 sourcestation paths in the Appalachian Province, we found the Saikia (1994) model 1 provided the best fit to the Au Sable Forks earthquake recorded waveforms. Figure 3 shows the synthetic waveforms compared to data for the vertical component (where both P and S arrivals can be clearly seen) at all 10 stations in the Appalachian Province for the App1 model. Average misfit values for the Saikia (1994) model 1, hereafter called the App1 model, for all three components at the 10 stations give the highest variance reduction at high (< 1 Hz) and intermediate (< 0:5 Hz) frequencies, as shown in Table 1 . The LCSN model, a three-layered model presents the highest average variance-reduction value at low frequencies (< 0:1 Hz). As compared to LCSN, the App1 model has a better average correlation coefficient and lower average absolute-time lag at the low frequencies. All models perform well at low frequencies, as indicated by average correlation coefficients larger than 0.80. When comparing all models, the App1 model provides the best fit to the observations in terms of shape and arrival times of the main phases at frequencies less than 0.1 Hz for all the source-station paths. Figure 4a shows the superposition of the three-component recorded waveform and the synthetic waveform generated with the App1 model, low passed below 0.1 Hz, for the source-station LBNH path. We can therefore conclude that the main crustal layers are well identified in this model.
For qualitative comparison, Figure 5 shows all Appalachian models simulated for the source-station WES path. The App1 synthetics are a good fit to the data in both absolute timing and amplitudes of primary phases. The tangential component arrivals are later in the synthetics by 2.9 s, indicating possible anisotropy, but the waveforms have a similar shape translated by a correlation coefficient of 0.80. Saikia (1994) model 2 also fit the radial and vertical components of data well at WES but have slight misfits in timing of primary phases. Saikia (1994) and low thin velocity layers to create complexity at high frequencies in order to better model the short-period recordings at ECTN for the 1988 M 5.9 Saguenay earthquake. This highfrequency feature, which slows the surface waves, does not improve the synthetics in our study (< 1 Hz) relative to model 1 but may improve the synthetics at higher frequencies. The LCSN model, the Somerville (1989) Somerville (1989) model, these phases arrive too late, indicating that the model is too slow. The P and surface-wave phases arrive too late for the Somerville et al. (2001) model, indicating that model is also too slow. Both the Somerville (1989) and the Somerville et al. (2001) models generate synthetics with high surface-wave amplitudes. Based on the better misfit values and qualitative goodness of fit, we select the App1 model as our starting model for the forward-modeling study of the Appalachian Province.
After comparing the goodness of fit at the six stations in the Grenville Province, we find that the LCSN model quantitatively fits the data better than the other models. Average values for all three components at the six stations give higher variance reduction and correlation coefficient values and smaller time lags for the LCSN model, as shown in Table 1 . Figure 6 shows the Grenville models simulated for the GAC station path. No model provides an excellent fit to the data. The timing of initial P arrivals is early for models LCSN, Hughes and Luetgert (1991) , and Helmberger et al. (1992) , although slightly better for the LCSN model and late for the Somerville et al (2001) model. The vertical motion is well modeled by the LCSN model for the first three S phases. In general, the timing of the S wave is modeled well on all components for all models except for the Helmberger et al. (1992) Although the LCSN model performs better on average in modeling the ground motion for the six source-station paths, the Hughes and Luetgert (1991) model, the second-best model at the higher and intermediate frequencies (< 1 Hz and < 0:5 Hz, respectively), performs better at frequencies below 0.1 Hz (Table 1) . This indicates that the average crustal structure, sampled by the long-period waves, is best represented by the Hughes and Luetgert (1991) model. Figure 4b illustrates the good fit between model synthetics and data obtained for low frequencies with the Hughes and Luetgert (1991) model at station CONY. The layering of this model is more consistent with the crustal structured observed in seismic studies of the region (e.g., Luetgert, 1991, 1992; Hughes et al., 1993; Eaton et al., 2006) than is the LCSN model, particularly the deeper Moho depth of 40 km instead of the 35 km of the LCSN model. Therefore, we select the Hughes and Luetgert (1991) model, hereafter called the Gren model, as our starting model for the forward-modeling study of the Grenville Province. Figure 7 compares synthetics (vertical motion) calculated with the Hughes and Luetgert (1991) model to data for the six source-station paths in the Grenville Province. The Hughes and Luetgert (1991) model captures many of the primary phases of the data, but many of the synthetic arrivals are early as compared to the data. 
Forward Modeling Model Sensitivity Tests
The first step in our forward-modeling approach is to perform two types of sensitivity tests to the selected 1D starting models for each province. Based on the results of these tests, we can improve the models to better fit the data. In the first sensitivity test, we remove the layers one by one and identify the contribution of each layer to the composite synthetic waveform. In the second sensitivity test, we vary the crustal model parameters (such as layer velocity or thickness) by small percentages and determine the overall response of the waveform to these perturbations.
Removing the model layers provides information on which boundaries or reflectors have a pronounced effect on the waveform shape. Figure 8 shows an example of the procedure applied to App1. The instrument-corrected displacement seismogram recorded at station LBNH is displayed at the bottom, with the preliminary synthetics displayed in the lines above it. We use the preliminary synthetics (without the source time function convolved) to be able to identify the low-amplitude wave arrivals. Once we convolve the source time function to the preliminary synthetics, the waveform is smoothed and the low amplitude phases masked, as the convolution process acts like a filter. The number of layers removed increases from bottom to top. A8 is the starting 1D model, A9 the model without the Moho layer, and so forth. Circles identify the wave arrivals suppressed when a layer is removed. In Figure 8 , the circles over the A8 synthetic indicate the multiple reflected waves suppressed by removing the Moho layer. The right side of the figure shows the P-wave velocity profile and how the gradual removal of layers is processed, starting from the deepest layers.
The waveforms were not particularly sensitive to the slow increase in mantle velocity with depth, as expected for ray paths within epicentral distances less than 400 km, which do not penetrate deeply into the mantle. The upper layers contribute largely to the overall shape of the last part of the seismogram, as regional trapped waves and surface waves are the main constituent of the later part of the seismogram, as seen in A14-A18. The interface at the base of the earthquake source layer contributes to the amplitude of the initial P as well as the early pS arrivals (A11-A12). The Moho reflector contributes with phases throughout the entire seismogram, as P and S waves reflect from this boundary.
Changing the properties of one or several layers, such as velocity or thickness, tells us how the full waveform responds to these changes; that is, how the wave arrivals change relative to each other as a result of these perturbations. Our sensitivity analysis included a series of models perturbing the Moho depth, the intermediate layer velocities and thicknesses, and the upper-layer structure (< 5 km depth; varying number of layers, as well as velocities and thicknesses of layers). Figure 9 shows waveform variation resulting from changes in the upper crust model for the Grenville Province model. The sensitivity analysis of the upper layers indicates that we can enhance late arrivals using either a gradient or a sharp velocity contrast between the two upper layers with a thick surface layer (thicker than 3 km and 2 km for the Appalachian and Grenville Provinces, respectively). Based on this series of sensitivity tests combined with multistation analysis, we identify the upper layers as one of the primary foci of our model refinement.
Appalachian Province
Results of the sensitivity tests over multiple sourcestation paths through the Appalachian Province show that the overall fits of the App1 model to the data were not improved by changes of velocities and thicknesses of the intermediate crustal layers. The sensitivity test results also show that the contribution of the mantle gradient for the overall waveform is minimal at the site-to-station distances in this study and can be disregarded. The App1 model is a detailed 1D model, including a velocity gradient in the first 5 km above the source layer that accounts for near surface effects observed at station HRV (Saikia, 1994) . Beneath other stations, the upper crust structure may be different. The sensitivity tests show that the waveforms are sensitive to the upper crust structure and that perturbations to this structure could improve the waveform fits. We develop several combinations of upper crust layers, maintaining the intermediate and lower-crust profile. We try one to three surface layers, with different thicknesses and velocity contrasts. We expect the results to differ for each source-station path. However, the original surface layers in App1 and one other model with a single 3 km deep surface layer (model h5) provide the best fits for all of the paths in the Appalachian Province. In Figure 10 , we graphically depict the 1D velocity profile of our new model h5 along with the initial App1-model profile. An example of the improved fit obtained with model h5 is shown in Figure 11 for the source-station QUA2 path, where the superposition of the recorded and synthetic waveforms is shown for both the App1 and h5 models. The variance reduction, averaged over the three components for this station, improved from 78:8 to 14:5, the correlation coefficient from 0.63 to 0.67, and the corresponding time lag from 2.0 to 0.5 s. Model h5 improves the fits for half (i.e., five) of the source-station paths we model in the Appalachian Province (Table 2) . However, when considering the performance of the two models over the 10 paths, the App1 model presents lower average misfit values (Table 2) .
Grenville Province
The initial Gren model for the Grenville Province was too fast in terms of P and surface wave arrivals, for all of the six source-station paths (see Fig. 6 ). Based on the sensitivity test results, we reduce the P-wave velocities at all crustal layers. The average decrease in P-wave velocity is around 2%. With the reduction of P-wave velocities, the model V P =V S ratio is reduced to an average value of 1.76, which is higher than the App1 model ratio of 1.73 and consistent with reported values for the region (e.g., Eaton et al., 2006) . Sensitivity results also show that the fits are improved when the Moho depth is increased, with best fits achieved for a Moho depth of 42 km; this is consistent with regional crustal studies (e.g., Li et al., 2003) . For the surface-layer analyses, we follow the same procedure as for the Appalachian Province. The Gren model has only a very thin (0.5 km) surface layer. We generate 4 new models with the upper-layer thickness increased to 2 km and 3 km and with one and two extra layers introduced between the surface and the source layer (source at 11 km depth) (see example in Fig. 9 ). Best fits for individual paths based on misfit values vary over the four models, which is expected if we consider the existence of crustal heterogeneity and of local site effects. Model gn33 presents the lowest average misfit values when considering all six source-station paths. The velocity profile of model gn33 has a three-layer surface gradient, with strong velocity contrasts. An example of the improved fit is shown in Figure 12 for the source-station GAC path, where the sharp contrast of the surface layer results in an increase of the late phases that better imitate the recorded waveform. As shown in Figure 12 , the synthetics generated for gn33 have good timing of both P and S phases. The amplitudes are slightly high, but the phasing is good. The fit of the tangential motion is, however, not improved. The variance reduction, averaged over the three components for this station, improved from 377:7 to 259:1, the correlation coefficient from 0.48 to 0.62, and the corresponding absolute time lag from 2.3 to 0.6 s. Model gn33 improves the fits for all of the six sourcestation paths we model in the Grenville Province (Table 3 ). In Figure 10 we graphically depict the 1D velocity profile of model gn33.
From the forward modeling, we find three velocity models (App1, h5, and gn33) that we recommend for the two provinces. Table 2 indicates the preferred model for each source-station path in the Appalachian Province. Model gn33 is preferred for all the paths in the Grenville Province (Table 3 ). Figure 13a ,b,c shows the map with the locations of the stations used in this study, and the recorded and synthetic waveforms computed with the preferred models, for the radial, vertical, and tangential components, respectively. Seismograms are filtered between 0.03 and 1 Hz. To model the ground motions recorded at stations MNT, YLE, and ACCN, which are along the boundary between the two provinces, we use the models of both provinces and choose the one that better fits the data at each station. Because the ray paths that reach these stations may be complex due to the vicinity of the Grenvillian Ramp and associated structures, we do not expect very good fits, and a 2D or 3D velocity model may be appropriate for these source-station paths. Even so, we obtain reasonable results for MNT (model h5), for ACCN (model gn33), and for YLE (App1 model), especially in the radial and tangential components.
When comparing the crustal velocity profiles of the two provinces, we find an average increase of P-wave and Swave velocity of ∼2% for the Grenville Province, which translates into an average increase of 0:1 km=s for P waves and of 0:05 km=s for S waves. The velocity differences between the two provinces are slightly lower than the ones estimated by Levin et al. (1995) for the upper crust (0:3 km=s for P and 0:1 km=s for S waves). However, Levin et al. (1995) sampled Grenvillian paths within the , which has higher seismic velocities than the adjacent terranes to the northwest (central metasedimentary belt) and south (e.g., Luetgert, 1991, 1992; Musacchio et al., 1997) , sampled by our study (see Fig. 1 ).
Wave-Field Complexity
In our forward-modeling approach, we derived one model for each province that best fits, on average, the three components of ground motion for all the available sourcestation paths. These models reflect the average crustal structure over a broad region covered by multiple paths, and a few inconsistencies were observed for individual paths between the recorded and the modeled ground motions. The tangential data for all three source-station paths along the Appalachian-Grenvillian boundary (MNT, YLE, and ACCN) are significantly more complex than the synthetics with more late arriving energy, as indicated by the low correlation coefficients obtained (Fig. 13c) . The waveform complexity may be a function of the complex ray paths through and parallel to the Grenvillian Ramp. Hughes and Luetgert (1991) identify complex structure at the interface of the provinces, which is the likely cause of the complex ground motions recorded at MNT, YLE, and ACCN. Although we expected more complexity in ground motions recorded in the Appalachian Province as a result of the 2D velocity structure related to the Grenvillian Ramp, the radial and vertical synthetics from the App1 model match the waveforms consistently well (with the exception of the HNH radial component). In contrast, the synthetic tangential components at LBNH, WVL, and BCX need more late arriving surface waves. Therefore, this wave-field complexity may be related to local effects rather than the regional boundary. The surface waves are likely a result of near surface velocity structure or more local 2D structures, which could not be captured in the simple 1D layered models that we evaluated (Baise et al., 2003) . In the Grenville Province, the gn33 model synthetics match the radial, vertical, and tangential waveforms consistently well except for the vertical component at BINY and the tangential component at ACCN and GAC (with a VR < 100 or a correlation coefficient < 0:40). As discussed, the complexity at ACCN is likely related to its path along the boundary region between the two provinces, while the complexities at BINY and GAC are likely a result of local near-surface structure.
Anisotropy
A systematic delay of the tangential synthetic ground motions relative to the tangential recorded ground motions was observed for several source-station paths in the Appalachian Province. The S-wave arrival time on the recorded tangential component at station HRV arrives 2.4 s before the synthetic. This delay is not present on the vertical or radial components, although all three component waveforms are aligned by event-origin time. This implies that SH is faster than SV and that the fast polarization direction is approximately perpendicular to the northeast-southwest path. The App1 velocity model was developed by Saikia (1994) , using only radial and vertical components. Saikia (1994) refined a preexisting model from Zhao and Helmberger (1991) , which modeled the three component-broadband waveforms of the 1988 M 5.9 Saguenay earthquake recorded at station HRV. Zhao and Helmberger (1991) also observed a time shift for the tangential component of 1.5 s. They proposed epicentral distance uncertainty, anisotropy due to shear-wave splitting, or a regional anomaly as possible mechanisms. We notice that this feature is also observed at nearby stations, with similar azimuth and epicentral distance (see Figs. 2 and 13c) .
To quantify the time shift of the tangential component we use the time-lag results from the cross correlation. We determine the total time shift by subtracting the time lag of the radial component from the time lag of the tangential component, thus eliminating any model-induced time delay. We calculate the total time shift for all paths within the two provinces, in which the tangential correlation coefficient is greater than 0.35, to assure the fit is good except for the time delay. Figure 14 shows the obtained time shift for each path and the respective station azimuth in a polar diagram.
In the Grenville Province, we observe total time shifts larger than 1 s in three out of six paths. These are found at north-south and southeast-northwest azimuths. The northsouth azimuth path runs along the Appalachian-Grenville boundary, and the observed time shifts are likely related with the velocity contrasts between the two provinces. The cross correlation is more sensitive to the large amplitude features of the waveform, so the time lag usually reflects time shifts of the optimum fit of surface waves. The synthetic S-wave arrival for the three paths with estimated time shifts larger than 1 s coincide with the recorded one, but the surface-wave peak is slightly shifted, giving rise to a time lag that does not translate into anisotropy.
In the Appalachian Province, we observe four paths with total time shifts larger than 2 s. To avoid time-lag measurement inconsistencies, we also determine the tangential component time delay by shifting the synthetic waveforms until it fits the S-wave and surface-wave arrival times. We do this for the five Appalachian paths with the largest time shifts as shown in Figure 15 . We find that the time-shift results of both approaches agree within 0:3 s, so we can use the time-lag estimates. The total shift of S-arrival estimates, Δt, vary from 0.7 s (QUA2: 270 km, 156°) to 3.5 s (BRY: 336 km, 148°), indicating a significant and consistent delay that is not directly proportional to epicentral distance (although the stations are all within 270-335 km away) but may be related to azimuth. The largest time shifts are observed between 139°a nd 150°of azimuth. QUA2, which has the smallest shift, is 70 km east of HRV. We estimate the anisotropy percentage using 2Δt=Δt 2t d × 100, where t d is the arrival time of the recorded tangential S wave. The formula is derived from fv d v m =v d v m =2g × 100, where v is the S-wave velocity and the indices depict data (d) and model (m). We assume that the tangential data and synthetic records are representative of the fast and slow waves, respectively. We obtain an average 2.8% anisotropy for the wave paths within 139°and 156°of azimuth and 3.2% anisotropy if we further limit the azimuth interval to be between 139°and 149°, which removes from the average the path with the lowest time delay (to station QUA2). Table 4 shows the source-tosite azimuth, epicentral distance, time delay, and anisotropy percentage estimates for the five stations in the Appalachian Province with a noticeable delay. There is no simple correlation between local geology or velocity model (h5 and App1) and the pattern of the time lags we observe.
The time delays we obtain are consistent with those reported as part of the mainshock moment tensor inversion reported by Seeber et al. (2002) for the same azimuth. In the moment tensor inversion, the filtered waveforms (between 0.03 and 0.1 Hz) are time shifted to produce the maximum correlation with the filtered synthetics. Seeber et al. (2002) report time shifts between the vertical and tangential waveforms between 0 and 0.2 s for the paths toward two stations (LBNH and AAM) that each have the azimuth perpendicular to the strike of the fault and time shifts between 1 and 2 s for the paths toward several stations (HRV, KAPO, SCHQ, and A11) that each have azimuths within 45°of the strike of the fault.
Our sensitivity test results show that the surface waves do not sample the mantle space, being insensitive to seismic-velocity variations in the mantle. So, the observed S-wave and surface-wave delays of 2.0-3.0 s are indicative of crustal anisotropy. Crustal anisotropy is often associated with one of three features (Babuska and Cara, 1991) : the preferential orientation of mineral crystals and tectonic fabric due to deformation; the preferential alignment of microcracks and/ or pore spaces (with or without fluid saturation) due to the stress field; and the stratification of isotropic alternating layers with high and low velocities. The tectonic fabric orientation gradually varies from northeast-southwest to the north through north-south to the south of the region. It is within uncertainties and variation of the direction required to fit our results. The spatial variation can explain the lack of a simple pattern of time delays in our data. The orientation of the maximum compressional stress also varies throughout the region (Yang and Aggarwal, 1981) . However, in the crust sampled by our large time-delay paths, the maximum compressional stress is oriented parallel to the ray paths, so the crack orientation will be approximately parallel to the ray paths and hence should be the slow direction (Crampin and Peacock, 2008) , which is opposite to our observations. As a result, we prefer the interpretation of anisotropy caused by tectonic fabric. 
Conclusions
The Au Sable Forks earthquake is the largest earthquake to be recorded in NEUS by multiple broadband stations. The data recorded at these stations enables us to test, validate, and refine the existing 1D regional crustal models, which were developed with very limited data. We test several published 1D velocity models for the Appalachian and Grenville Provinces in order to validate and choose a best-fit model for each province. We use a combination of qualitative and quantitative goodness-of-fit measures to compare synthetic seismograms with observed ground motions. The best-fit 1D crustal model for each province is then used as an initial model for a sensitivity analysis and forward modeling of incrementally adjusted crustal-velocity models. We use the Saikia (1994) model 1 (App1) for the Appalachian Province and the Hughes and Luetgert (1991) model (Gren) for the Grenville Province. We perform sensitivity tests on both models in order to understand the effect of changes in 1D structure on the waveforms.
For the Grenville Province, our sensitivity analyses indicate that the Gren model is improved with slightly slower P-wave velocities (∼2%) and with a thicker crust. Our sensitivity analysis also indicates that the synthetic ground motions could be better matched to the observed ground motions at higher frequencies (< 1 Hz) with refinement of the surface layers in the velocity models. The Gren model is very simple, with only a single 0.5-km surface layer. We develop model gn33 with a three-layer gradient in the upper 3 km, which shows improvements for the average of all the modeled source-station paths.
For the Appalachian Province, the App1 model has a detailed five-layer gradient in the upper 5 km. The sensitivity analysis showed that the Moho depth and intermediate layers modeled the arrivals well and did not contribute significantly to the misfit. It also showed that the contribution of the mantle gradient in the App1 model is insignificant, as expected for the wave paths at epicentral distances less than 400 km used in this study. We develop model h5 with a single 3 km surface layer and constant mantle velocities, which fits the data somewhat better at five out of ten stations in the Appalachian Province.
We propose/recommend the 1D velocity models App1/ h5 and gn33 for modeling wave propagation in the Appalachian and Grenville Provinces, respectively, at intermediate frequencies (up to 1 Hz). We find an average increase of Pwave and S-wave velocity of ∼2% for the Grenville Province (0:1 km=s for P waves and of 0:05 km=s for S waves) when comparing the crustal velocity profiles of the two provinces.
Our analysis of the regional wave field resulting from the Au Sable Forks earthquake identified several potential complexities that could not be accounted for in simple 1D crustal models and therefore merit further study with new data: (1) We observe anisotropy between SH and SV for the paths toward the stations at 140°-150°of azimuth (WES, BRY, HRV, BCX, and QUA2), resulting in delays in the synthetics on the order of 1-3 s. Based on the time-delay measurements, we estimate 3% anisotropy for wave paths along this azimuth direction, which is parallel to the direction of the regional maximum compressional stress and has a low angle to the regional tectonic fabric. (2) We observe complex tangential ground shaking at the three stations (MNT, ACCN, and YLE) located along the boundary between the Appalachian and Grenville Provinces. The late-arriving energy in these records is likely related to complex wave paths through the Grenvillian Ramp zone and associated structures.
Data and Resources
The facilities of the Incorporated Research Institutions for Seismology Data Management System (IRIS DMS), and specifically the IRIS Data Management Center, were used for access to the waveform and metadata required in Wessel and Smith, 1998) .
